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Abstract 

A  significant  problem  hindering  large-scale  implementation  of  proton  exchange  membrane  (PEM)  fuel  cell  technology  is  the  loss  of  performance 
during  extended  operation  and  automotive  cycling.  Recent  investigations  of  the  deterioration  of  cell  performance  have  revealed  that  a  considerable 
part  of  the  performance  loss  is  due  to  the  degradation  of  the  electrocatalyst.  In  this  study,  an  attempt  is  made  to  experimentally  simulate  the 
degradation  processes  such  as  carbon  corrosion  and  platinum  (Pt)  surface  area  loss  using  an  accelerated  thermal  sintering  protocol.  Two  types  of 
Tanaka  fuel  cell  catalyst  samples  were  heat-treated  at  250  °C  in  humidified  helium  (He)  gas  streams  and  several  oxygen  (O2)  concentrations.  The 
catalysts  were  then  cycled  electrochemically  in  pellet  electrodes  to  determine  the  hydrogen  adsorption  (HAD)  area  and  its  evolution  in  subsequent 
electrochemical  cycling.  Samples  that  had  undergone  different  degrees  of  carbon  corrosion  and  Pt  sintering  were  characterized  for  changes  in 
carbon  mass,  active  Pt  surface  area,  BET  (Brunauer,  Emmett  and  Teller)  surface  area,  and  Pt  crystallite  size.  Studies  of  the  effect  of  oxygen  and 
water  concentration  on  two  Tanaka  catalysts,  dispersed  on  carbon  supports  with  varying  BET  areas,  revealed  that  carbon  oxidation  in  the  presence 
of  Pt  follows  two  pathways:  an  oxygen  pathway  that  leads  to  mass  loss  due  to  formation  of  gaseous  products,  and  a  water  pathway  that  results  in 
mass  gains,  especially  for  high  BET  area  supports.  These  processes  may  be  assisted  by  the  formation  of  highly  reactive  OH  and  OOH  type  radicals. 
Platinum  surface  area  loss,  measured  at  varying  oxygen  concentrations  and  as  a  function  of  sintering  time  using  X-ray  diffraction  (XRD),  CO 
chemisorption,  and  electrochemical  hydrogen  adsorption,  reveal  an  important  role  for  carbon  corrosion  rather  than  an  increase  in  Pt  particle  size 
for  the  surface  area  loss.  Platinum  surface  area  loss  during  10  h  of  thermal  degradation  was  equivalent  to  electrochemical  degradation  observed 
over  500  cycles  for  a  Tanaka  Pt/Vulcan  electrode  cycled  between  0  and  1.2  V  (normal  hydrogen  electrode-NHE).  Carbon  mass  loss  observed  for 
5  h  of  thermal  degradation  was  comparable  to  that  obtained  during  a  potential  hold  for  86  h  at  1.2  V  (NHE)  and  95  °C  for  the  same  catalysts. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Proton  exchange  membrane  (PEM)  fuel  cells  have  been  inten¬ 
sively  developed  in  recent  years  as  an  alternative  power  source 
for  stationary  and  mobile  applications.  Automotive  packaging 
has  been  demonstrated  due  to  the  high  power  density  of  PEM 
fuel  cell  stacks,  but  widespread  commercialization  has  made  lit¬ 
tle  progress  due  to  durability  and  cost  issues.  PEM  fuel  cells 
use  electrocatalysts  for  the  oxidation  of  hydrogen  at  the  anode 
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and  reduction  of  oxygen  in  air  at  the  cathode.  Currently,  plat¬ 
inum  (Pt)  or  platinum  alloys  supported  on  high  surface  area 
carbons  is  the  only  feasible  electrocatalyst  for  PEM  fuel  cell 
systems  [1].  In  order  to  obtain  optimized  catalytic  activity  and 
reduce  overall  system  cost,  Pt  is  generally  dispersed  as  nano¬ 
sized  particulates.  High  surface  area  carbons  are  used  as  supports 
to  disperse  nano-sized  Pt,  allow  facile  mass  transport  of  reac¬ 
tants  and  products  of  the  fuel  cell  reactions,  and  to  provide  good 
electrical  conductivity.  Any  deterioration  in  the  desired  proper¬ 
ties  of  platinum  nanoparticles  and  carbon  support  can  strongly 
influence  the  performance  of  PEM  fuel  cells  [2].  It  has  been 
realized  recently  [3]  that  a  significant  problem  hindering  the 
large-scale  implementation  of  PEM  fuel  cell  technology  is  the 
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loss  of  performance  during  extended  operation  and  automo¬ 
tive  cycling.  Recent  investigations  on  the  deterioration  of  cell 
performance  have  revealed  that  a  considerable  part  of  the  per¬ 
formance  loss  is  due  to  the  degradation  of  the  electrocatalyst 
[4-8].  Degradation  mechanisms  proposed  include  Pt  particle 
sintering  [9],  Pt  dissolution  [10,11],  and  carbon  corrosion  [12]. 
In  this  study,  investigations  are  focused  on  carbon  corrosion  and 
Pt  surface  area  loss.  High  surface  area  carbon  supports  in  PEM 
fuel  cell  electrodes  are  exposed  to  corrosive  conditions,  which 
include  high  water  exposure,  low  pH  (<  1),  high  temperature 
(50-90  °C),  high  potential  (0.6-1.2V),  and  high  oxygen  con¬ 
centrations  [12].  Moreover,  the  presence  of  Pt  has  been  found  to 
accelerate  the  rate  of  carbon  corrosion  [13,14].  During  the  oper¬ 
ation  of  PEM  fuel  cells,  carbon  can  react  with  some  transient 
oxygen  radicals,  such  as  HO  and  HOO  radicals  [15],  gener¬ 
ated  by  the  catalyst  and/or  water  to  form  oxygen  functionalities 
(e.g.,  lactones,  ketones,  alcohols,  carboxylic  group,  etc.  [16]) 
which  then  proceed  to  form  gaseous  products,  CO  and  CO2.  In 
this  type  of  degradation,  the  weight  of  carbon  in  catalyst  layer 
will  gradually  decrease  over  time.  As  a  result  of  carbon  support 
loss,  nano-sized  Pt  particles  may  agglomerate  to  form  larger 
particles,  which  will  lead  to  loss  of  active  Pt  surface  area  as  mea¬ 
sured  by  hydrogen  adsorption  (HAD).  Since  carbon  corrosion 
occurs  very  slowly  at  potentials  below  1 .0  V,  it  is  very  difficult  to 
determine  its  corrosion  rate  during  active  fuel  cell  operation.  In 
this  study,  we  have  investigated  the  high  temperature  oxidation 
behavior  of  fuel  cell  catalysts  to  provide  an  experimental  simula¬ 
tion  of  the  degradation  processes  in  a  fuel  cell.  Samples  that  had 
undergone  different  degrees  of  carbon  corrosion  and  Pt  sintering 
were  characterized  for  changes  in  carbon  mass,  active  Pt  surface 
area,  BET  (Brunauer,  Emmett  and  Teller)  surface  area,  and  Pt 
crystallite  size.  This  has  also  led  to  the  development  of  an  accel¬ 
erated  thermal  degradation  method  to  screen  the  durability  of 
fuel  cell  catalysts.  Also,  samples  heat-treated  for  various  lengths 
of  time  have  been  cycled  electrochemically  in  pellet  electrodes 
to  determine  the  HAD  area  and  its  evolution  in  subsequent  elec¬ 
trochemical  cycling.  This  study  will  enable  the  determination  of 
the  effect  of  thermal  treatment  and  the  consequent  accelerated 
carbon  corrosion  and  Pt  sintering  on  the  HAD  area  of  Pt  cata¬ 
lyst.  This  will  also  help  correlate  the  accelerated  HAD  area  loss 
due  to  thermal  treatment  to  that  observed  during  electrochemical 
cycling. 

2.  Experimental 

2.7.  HAD  area  determination  with  pellet  electrodes 

Platinized  carbon  powder  material  (Tanaka  Kikinzoku 
Kougyo  Co.  Ltd.  (TKK)  Pt/Vulcan  XC-72)  that  was  heat  treated 
at  250  °C  in  0.7%  oxygen  and  8%  water  for  0-30  h  was  used 
to  make  pellet  electrodes  for  HAD  area  measurements.  The 
platinized  material  was  mixed  with  2%  polytetrafluoroethylene 
(PTFE)  suspension  and  a  paste  was  obtained  by  thoroughly  mix¬ 
ing  with  t-butanol/water  mixture.  This  paste  was  then  pressed 
into  a  pellet  using  a  pellet  press  with  a  current  collector  (Pt-Rh 
wire  or  Au  gauze)  incorporated  in  the  pellet.  To  improve  han¬ 
dling,  the  pellet  was  encapsulated  in  a  polypropylene  screen. 


It  was  then  dried  overnight  under  vacuum  at  80  °C  to  remove 
residual  alcohol.  The  pellet  electrode  was  then  placed  in  a  three- 
electrode  electrochemical  cell  with  a  Pt  counter  electrode  and 
a  H2/Pt  reference  electrode.  Cyclic  voltammetric  experiments 
were  carried  out  in  0.5  M  perchloric  acid  (GFS  Chemicals,  Inc., 
Ohio,  USA)  in  argon  atmosphere  and  25  °C  at  a  potential  scan 
rate  of  2  mV  s_  1 .  HAD  area  was  measured  from  the  charge  under 
the  hydrogen  adsorption  peaks  at  10  cycle  intervals  for  about  100 
cycles  between  0  and  1.2  V  (NHE). 

2.2.  Determination  of  thermal  sintering  conditions 

Temperature  programmed  oxidation  (TPO)  was  used  to 
establish  the  test  conditions  for  accelerated  measurements  of 
carbon  corrosion  and  Pt  surface  area  loss  over  a  relatively 
short  30  h  time  frame.  This  TPO  study  was  conducted  on  TKK 
Pt- Vulcan  samples  (Lot  #  102-1551)  for  the  following  condi¬ 
tions:  (1)  helium  (He)  only,  (2)  8%  H20  in  He,  (3)  0.7%  02 
in  He  and  (4)  0.7%  02  +  8%  H20  in  He.  The  gas  streams  were 
passed  through  the  samples  while  they  were  heated  from  35  to 
1000  °C  at  10  °C  min-1 .  The  sample  effluent  was  monitored  for 
key  combustion/degradation  components,  such  as  CO,  C02,  02 
and  H20,  using  a  mass  selective  detector.  Fig.  l(a)-(d)  shows 
the  TPO  results  for  the  (1),  (2),  (3),  and  (4)  environments  above, 
respectively.  Fig.  1(a)  is  a  background  scan,  which  shows  an  ini¬ 
tial  increase  in  CO,  C02  and  water,  peaking  just  before  250  °C. 
Since  there  was  no  02  present  in  this  gas  stream,  the  increase  is 
likely  due  to  the  reaction  of  carbon  with  oxygen  containing  func¬ 
tional  groups  on  the  carbon  surface.  Once  these  surface  groups 
are  depleted,  the  CO  and  C02  return  to  background  levels.  While 
Fig.  1(b)  and  (c)  represents  the  effect  of  8%  H20  only  and  0.7% 
02  only,  Fig.  1(d)  reflects  the  combined  effect  of  8%  H20  and 
0.7%  02.  The  results  show  the  effect  of  the  humidified  0.7% 
02  stream  with  the  ignition  of  the  carbon  occurring  at  290  °C. 
When  the  carbon  is  totally  consumed,  02  returns  to  its  initial 
concentration  along  with  a  corresponding  drop  in  CO  and  C02 
levels.  This  study  enabled  the  selection  of  the  following  condi¬ 
tions  for  the  accelerated  thermal  degradation  experiments:  gas 
stream  oxygen  concentrations  of  0.7%,  0.05%,  0.004%,  and  0%; 
moisture  contents  of  0%  and  8%;  and  the  temperature  was  cho¬ 
sen  as  250  °C,  which  is  below  the  carbon  ignition  point  of  290  °C 
but  high  enough  to  provide  significant  carbon  degradation  over 
30  h. 

2.3.  Accelerated  thermal  sintering 

Two  TKK  catalysts  were  used  for  this  study.  TKK  Pt/Vulcan 
(Lot  #  102-1551)  containing  46.6%  Pt  (w/w)  supported  on  Vul¬ 
can  XC-72  carbon,  and  TKK  Pt/HSC  (Lot  #  102-0911)  con¬ 
taining  45.9%  Pt  (w/w)  supported  on  high  surface  area  carbon 
(HSC). 

BET  surface  area  and  pore  size  measurements  were  deter¬ 
mined  for  fresh  catalyst  samples  using  a  Micromeritics  Model 
2010  accelerated  surface  area  and  porosimetry  system  (ASAP). 
Sample  pretreatment  was  especially  critical  for  micropore  deter¬ 
minations.  Nominal  sample  sizes  of  100  mg  were  initially 
degassed  by  heating  under  vacuum  at  100  °C  overnight  followed 
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Fig.  1.  (a)  TPO  study,  He  only;  (b)  TPO  study,  He  +  8%  H20;  (c)  TPO  study,  He  +  0.7%  02;  (d)  TPO  study,  He  +  8%  H20  +  0.7%  02. 


by  2  h  at  200  °C.  The  samples  were  tared  and  placed  on  the  anal¬ 
ysis  port.  Prior  to  analysis,  the  samples  were  heated  to  200  °C  for 

o 

an  additional  2  h  under  vacuum.  Mesopore  volumes  (20-500  A) 
were  determined  using  the  BJH  (Barrett,  Joyner  and  Halenda) 

o 

method  and  micropore  (<20  A)  measurements  were  based  on  the 
Horvath-Kawazoe  model. 

Thermal  sintering  tests  were  conducted  on  a  Micromerit- 
ics  2910  Automated  Catalyst  Characterization  System  that  was 
modified  to  allow  external  gas  inputs  (H2O,  O2  He)  through 
the  vapor  accessory  valve  (Scheme  1).  For  each  of  the  sinter¬ 
ing  periods,  fresh  60  mg  catalyst  samples  from  the  same  batch 
were  loaded  into  2910  analysis  tubes  and  sintered  for  different 
periods,  from  0  to  30  h.  Accelerated  thermal  sintering  experi¬ 
ments  were  carried  out  at  250  °C  in  humidified  He  gas  streams 
under  several  O2  concentrations  shown  above.  The  total  gas  flow 
during  each  sintering  test  was  held  constant  at  50  seem. 

Immediately  following  the  sintering  step,  the  external  gas 
supply  was  switched  off  and  the  active  catalytic  (Pt)  surface  area 
of  the  sample  was  measured  using  pulsed  CO  chemisorption 
using  the  same  Micromeritics  Model  2910  Catalyst  Charac¬ 
terization  System.  Both  the  sintering  and  analysis  steps  were 


incorporated  into  the  2910  method  thereby  allowing  the  sam¬ 
ple  to  remain  in  the  analysis  tube  for  the  entire  process.  The 
“sintered”  sample  was  initially  dried  at  100  °C  for  30  min  and 
subsequently  reduced  for  30  min  at  100  °C  under  10%  H2 
in  Ar.  Measured  doses  of  the  10%  CO  in  He  analysis  gas 
were  passed  through  the  sample  where  the  CO  chemically 
adsorbed  on  the  active  catalyst  sites.  The  active  metal  surface 
area  (SA,  m2  g-1  Pt)  was  calculated  from  the  CO  uptake  based 
on  a  1:1  stoichiometry  between  adsorbed  CO  and  surface  Pt 
atom.  After  the  analysis  the  sample  was  removed  and  the  final 
sample  mass  was  recorded  to  determine  the  percent  weight 
loss. 

Samples  sintered  and  analyzed  on  the  Micromeritics  2910 
were  subsequently  characterized  using  XRD  to  determine  Pt 
crystallite  size.  X-ray  diffraction  (XRD)  data  were  collected 
from  10°  to  90°  (2(9  angles)  at  0.04°  step-1  and  4  s  step-1 
using  Cu  Ka  radiation.  Crystallite  sizes  were  calculated  using 
the  Scherrer  equation  and  the  full  width  at  half  the  maximum 
(FWHM)  intensity  of  the  Pt  (2  2  0)  reflection.  The  FWHM  was 
calculated  with  peak  profiling  software  using  a  pseudo- Voigt 
peak  profile  shape  function. 
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Scheme  1.  Accelerated  thermal  sintering  apparatus. 


3.  Results  and  discussion 

3.1.  Effect  of  oxygen  concentration 

The  effect  of  oxygen  concentration  on  the  high  temperature 
degradation  of  TKK  Pt/ Vulcan  sample  (Lot  #  102-1551)  was 
studied  at  250  °C  for  30  h  in  humidified  (0%  and  8%  H2O)  He 
gas  streams  for  O2  concentrations  of  0.7%,  0.05%,  0.004%,  and 
0.0%.  Fig.  2  shows  the  carbon  weight  changes  observed  during 
these  experiments.  After  20  h  of  thermal  treatment,  the  sample 
lost  52%,  12%,  4%  and  0%  of  the  initial  carbon  weight  at  O2  con¬ 
centration  levels  of  0.7%,  0.05%,  0.004%  and  0%,  respectively. 
Thus,  oxygen  concentration  has  a  strong  influence  on  the  car¬ 
bon  corrosion  rate  of  TKK  Pt/Vulcan.  Also,  as  discussed  below, 
higher  carbon  corrosion  rates  lead  to  severe  Pt  surface  area  loss. 

Fig.  3  shows  changes  in  the  active  Pt  surface  area,  as  deter¬ 
mined  by  pulsed  CO  chemisorption,  observed  during  the  same 
thermal  aging  experiments  discussed  in  Fig.  2.  Except  in  the 
case  of  0.7%  O?  about  a  20%  increase  in  Pt  surface  area  was 


observed  after  the  first  4  h  of  treatment  under  all  other  condi¬ 
tions.  The  enhancement  in  Pt  active  surface  area  for  the  samples 
treated  at  the  <0.05%  oxygen  indicates  that  oxygen  helps  to 
remove  impurities  adsorbed  from  carbon  onto  Pt.  This  behavior 
is  also  observed  during  electrochemical  cycling  in  the  presence 
of  oxygen,  where  Pt  gets  quickly  activated  (5-10  cycles).  How¬ 
ever,  cycling  in  argon  requires  at  least  20  cycles  to  get  the  peak 
HAD  area.  After  the  initial  4  h  period,  the  measured  Pt  surface 
area  decreases  with  time.  After  30  h  of  thermal  treatment,  the 
Pt  surface  area  decreased  by  70%  in  the  0.7%  O2  content  envi¬ 
ronment  while  only  a  4%  Pt  surface  area  loss  from  the  initial 
value  (41.9  m2  g_1  Pt)  was  observed  at  0.05%  O2.  The  results 
also  show  that  Pt  sintering  is  strongly  suppressed  in  the  absence 
of  O2  in  the  gas  phase.  Thus,  the  O2  content  in  gaseous  aging 
environment  has  a  key  role  in  determining  the  rates  of  both  Pt 
sintering  and  carbon  corrosion,  and  the  extent  of  Pt  sintering  is 
related  to  the  amount  of  carbon  corrosion. 

The  thermal  oxidation  of  carbon  due  to  reaction  with  oxygen 
and  water  can  follow  different  mechanisms  in  the  presence  and 
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Fig.  2.  Comparison  of  carbon  corrosion  rate  of  TKK  Pt/Vulcan  during  thermal 
treatment  at  250  °C  in  different  gaseous  environments. 
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Fig.  3.  Comparison  of  changes  in  the  Pt  surface  area  of  TKK  Pt/Vulcan  during 
thermal  treatment  at  250  °C  in  different  gaseous  environments. 
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the  absence  of  Pt.  In  the  presence  of  Pt,  Scheme  2(a)  shows  that 
Pt  can  react  with  oxygen  and  water  to  form  highly  reactive  OH 
and  OOH  radicals.  These  radicals  can  attack  carbon,  as  shown 
in  Scheme  2(b),  to  form  surface  oxygen  groups,  which  can  then 
decompose  at  high  temperatures  to  form  gaseous  CO  and  CO2. 
In  the  absence  of  platinum,  since  carbon  has  unpaired  electrons 
[17],  oxygen  can  react  with  carbon  through  formation  of  radicals, 
as  described  in  Scheme  3. 

Fig.  4  shows  changes  in  the  Pt  crystallite  size,  as  determined 
by  XRD,  of  TKK  Pt/ Vulcan  under  three  different  thermal  treat¬ 
ment  conditions.  Pt  particle  size  nearly  doubled  from  the  initial 
3.6  nm  after  20  h  of  treatment  at  250  °C  in  the  0.7%  O2  case. 
However,  at  oxygen  concentrations  of  <0.05%,  the  increase  in 
Pt  crystallite  size  was  less  than  10%.  No  significant  differences 
in  Pt  crystallite  sizes  were  observed  for  O2  <  0.05%,  which  is  in 
qualitative  agreement  with  surface  area  changes  shown  in  Fig.  3. 
Based  on  these  heat  treatment  results,  Pt  particle  growth  and  the 
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Fig.  4.  Comparison  of  changes  in  Pt  crystallite  size  of  TKK  Pt/Vulcan  during 
thermal  treatment  at  250  °C  in  different  gaseous  environments. 
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Scheme  3.  Carbon  corrosion  in  the  absence  of  Pt. 


consequent  loss  in  its  real  area  may  be  mainly  induced  by  carbon 
corrosion. 

3.2.  Effect  of  carbon  support 

Gas  phase  thermal  aging  experiments  were  carried  out  for 
two  TKK  fuel  cell  catalysts  dispersed  on  two  different  carbon 
supports  to  investigate  the  effect  of  carbon  surface  area.  Table  1 
lists  the  physical  properties  of  the  two  Tanaka  catalysts.  The  Pt 
content  of  the  two  catalysts  is  about  46%  and  the  BET  area  of 
the  platinized  TKK  Pt/HSC  sample  was  a  factor  of  four  higher 
than  the  Vulcan-supported  catalyst.  Fig.  5  compares  the  carbon 
weight  loss  as  a  function  of  sintering  time.  At  the  end  of  the  30  h 
sintering  period,  the  TKK  Pt/HSC  and  TKK  Pt/Vulcan  lost  74% 
and  56%  of  their  initial  carbon  weights,  respectively.  This  result 
indicates  that  carbon  corrosion  rate  is  proportional  to  the  BET 
surface  area,  though  the  BET  area  normalized  rate  is  lower  for  the 


Table  1 

Physical  properties  of  two  Tanaka  catalysts 


TKK  Pt/Vulcan 

TKK  Pt/HSC 

Lot# 

102-1551 

102-0911 

Pt  content  (%) 

46.6 

45.9 

BETSA  (m2  g-1) 

105 

425 

Pore  S  A  (m2  g~ 1 ) 

72 

298 

BJH  mesopore  volume  (cm3  g-1) 

0.24 

0.62 

(20-500  A) 

Average  pore  diameter  (A) 

76 

82 

Active  Pt  SA  (m2  g_1  Pt)  (CO 

41.9 

71.2 

chemisorption-as  received) 

Pt  crystallite  size  (nm)  (XRD) 

3.6 

2.6 

high  surface  area  carbon  compared  to  Vulcan.  Electrochemical 
oxidation  of  these  two  catalyst  samples  have  been  studied  [18] 
at  95  °C  in  0.5  M  sulfuric  acid  as  a  function  of  potential  in  the 
range  0.8-1. 2  V  (NHE).  At  a  positive  potential  of  1.2  V,  which 
could  be  a  positive  operating  potential  limit  for  a  hydrogen/air 
fuel  cell,  carbon  weight  losses  for  the  two  catalysts  over  86  h 
of  potential  hold  were  comparable  to  the  carbon  weight  losses 
obtained  in  the  current  study  over  a  5  h  period. 

In  order  to  characterize  the  kinetics  of  carbon  corrosion,  a 
power  law  model  of  the  sort  given  by  Eq.  (1)  was  used  to  fit  the 
carbon  weight  losses: 

dW/dt  =  -kWn  (1) 

where  W  is  the  carbon  weight,  t  the  sintering  time,  n  the  order 
of  the  corrosion  reaction  with  respect  to  the  activity  of  the  solid 
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Fig.  5 .  Carbon  weight  loss  for  TKK  Pt/HSC  and  TKK  Pt/Vulcan  catalysts  during 
thermal  treatment  in  0.7%  02-8%  H20  in  He  at  250  °C. 
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Fig.  6.  Description  of  carbon  weight  loss  for  TKK  Pt/HSC  and  TKK  Pt/Vulcan 
catalysts  can  be  described  by  second-order  kinetics. 

phase  represented  by  the  mass  of  the  material,  and  k  is  the  rate 
constant.  Integration  of  Eq.  (1)  and  noting  that  W=Wo  at  t  =  0, 
one  obtains: 

W  =  Wo  exp (-kt),  n  =  1  (2) 

(W0/W)n~l  =kW^~\n-l)t+l,  n>  1  (3) 

Best  fit  of  the  experimental  data  was  obtained  with  Eq.  (3)  for 
n  =  2,  as  shown  in  Fig.  6.  The  quality  of  the  fit  suggests  that  the 
measured  carbon  weight  losses  under  these  sintering  conditions 
can  be  well  described  by  second-order  corrosion  kinetics. 

Fig.  7  compares  the  Pt  particle  sizes  calculated  from  active  Pt 
surface  area  determined  by  CO  chemisorption  and  those  deter¬ 
mined  by  XRD  as  a  function  of  sintering  time  for  TKK  Pt/HSC. 
In  general,  the  Pt  crystallite  size  determined  by  XRD  was  sig¬ 
nificantly  smaller  than  that  the  particle  size  determined  by  CO 
chemisorption  (2.6  nm  versus  3.9  nm  for  the  fresh  unsintered 
Pt/HSC  sample).  When  the  estimated  Pt  sizes  are  normalized 
to  their  initial  values  (as  displayed  in  Fig.  7),  useful  insight 
can  be  gained  on  the  thermal  sintering  of  Pt.  Previous  studies 
[19-22]  have  focused  on  two  mechanisms  for  the  kinetics  of  par¬ 
ticle  size  growth,  viz,  particle  migration  and  crystallite  growth 
through  Ostwald  ripening.  Pt  particle/crystallite  growth  rates 
determined  by  chemisorption  and  XRD  follow  closely  up  to  10  h 


Hours 

Fig.  7.  Pt  particle  sizes  as  determined  by  CO  chemisorption  and  XRD  at  var¬ 
ious  thermal  sintering  times  for  TKK  Pt/Vulcan  in  0.7%  02-8%  H2O  (in  He 
atmosphere). 


Fig.  8.  Pt  particle  sizes  as  determined  by  CO  chemisorption  and  XRD  at  various 
thermal  sintering  times  for  TKK  Pt/HSC  in  0.7%  02-8%  H2O  in  He. 

of  sintering.  However,  for  longer  sintering  times,  chemisorption 
indicates  a  higher  Pt  particle  growth  rate  compared  to  the  crystal¬ 
lite  growth  rate  estimated  from  XRD  data.  A  similar  discrepancy 
was  observed  while  comparing  the  HAD  area  of  TKK  Pt/Vulcan 
and  the  XRD  particle  size  as  a  function  of  potential  cycling  [23]. 
XRD  particle  size  increased  mainly  in  the  first  15  cycles  and  sta¬ 
bilized  thereafter,  whereas  the  HAD  area  increased  for  the  first 
15  cycles  and  then  continued  to  decay  with  cycling.  In  the  first 
10  h,  the  loss  in  BET  may  be  attributed  to  Pt  crystallite  growth. 
After  10  h,  the  loss  in  BET  may  be  due  to  the  agglomeration 
of  particles  that  have  lost  support  due  to  carbon  corrosion.  A 
similar  observation  was  made  with  TKK  Pt/Vulcan,  as  shown  in 
Fig.  8,  although  the  Pt  sintering  rate  for  TKK  Pt/HSC  was  sub¬ 
stantially  higher  than  that  for  TKK  Pt/Vulcan  under  the  same 
sintering  conditions.  This  result  may  also  be  due  to  the  smaller 
initial  Pt  particle/crystallite  size  for  TKK  Pt/HSC. 

3.3.  Effect  of  gas  humidity 

The  effect  of  humidity  on  the  high-temperature  degradation 
of  two  Tanaka  fuel  cell  catalysts  (TKK  Pt/Vulcan  and  TKK 
Pt/HSC)  at  a  low  O2  concentration  (0.05%)  was  studied  at  250  °C 
for  up  to  30  h.  Changes  in  carbon  weight  loss  and  Pt  surface  area 
(CO  chemisorption)  were  measured  at  4,  10,  20  and  30  h  into 
the  thermal  sintering  process,  with  fresh  samples  used  for  each 
test. 

Fig.  9  shows  that  at  the  end  of  the  30  h  thermal  sintering 
period,  the  TKK  Pt/Vulcan  sample  had  lost  1 1  %  of  its  initial  car¬ 
bon  mass  with  water  present.  In  the  absence  of  H2O,  however, 
the  carbon  weight  loss  for  TKK  Pt/Vulcan  was  only  well  within 
the  measurement  uncertainty.  Interestingly,  no  significant  car¬ 
bon  weight  change  was  observed  for  TKK  Pt/HSC  regardless  of 
whether  or  not  H2O  was  present  in  the  gas  stream.  This  is  a  rever¬ 
sal  of  the  trend  observed  under  the  0.7%  O2  conditions.  When 
the  oxygen  concentration  is  <0.05%,  and  the  surface  area  of  car¬ 
bon  is  much  higher  than  the  surface  area  of  platinum,  as  in  the 
case  of  Pt/HSC,  then  carbon  processes  to  make  adsorbed  oxygen 
residues  becomes  more  predominant  in  determining  the  overall 
mass  changes.  This  may  explain  the  mass  increase  for  Pt/HSC. 
A  related  trend  in  behavior  has  been  observed  [24]  from  in  situ 
quartz  crystal  microgravimetric  (QCM)  studies  of  carbon  corro- 
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Fig.  9.  Comparison  of  carbon  corrosion  rates  for  TKK  Pt/Vulcan  and  TKK 
Pt/HSC  samples  sintered  at  0.05%  O2  with  and  without  H2O. 


sion.  QCM  behavior  at  1 .2  V/NHE  shows  that  Vulcan  undergoes 
only  weight  loss  with  time,  whereas  the  high  surface  area  car¬ 
bon  (Black  Pearls,  2000)  shows  an  initial  weight  gain  followed 
by  a  weight  loss.  Therefore,  possible  mechanisms  include:  (a) 
surface  oxygen  residue  groups  formed  in  the  corrosion  process 
stay  kinetically  more  stable  at  lower  O2  concentrations;  (b)  two 
parallel  corrosion  paths  exist  that  are  dependent  on  the  H2O/O2 
ratio;  (c)  H2O  plays  a  more  dominant  role  at  lower  O2  concen¬ 
trations;  (d)  Vulcan  is  active  towards  oxygen  reduction  because 
of  the  presence  of  enol/quinone  groups,  and  thus  more  peroxide 
radicals  are  probably  formed  leading  to  more  carbon  corrosion 
as  shown  in  Scheme  4. 

Platinum  surface  area  determined  by  CO  chemisorption  is 
shown  in  Fig.  10  for  thermal  sintering  in  the  presence  of  0.05% 
O2.  When  sintered  in  dry  feed,  both  the  TKK  Pt/HSC  and  TKK 
Pt/Vulcan  samples  showed  no  significant  decrease  in  Pt  surface 
area.  Except  the  TKK  Pt/Vulcan  sample  in  a  humid  environment, 
Pt  surface  area  increased  nearly  20%  after  the  first  4  h  treatment 
and  maintained  the  same  level  throughout  the  remainder  of  the 
30  h  sintering  process. 


3.4.  Effect  of  thermal  treatment  on  HAD  area  loss 

Cyclic  voltammetric  behavior  of  the  pellet  electrodes  made 
from  samples  aged  for  0-30  h  are  shown  in  Fig.  11.  The  loss 
in  HAD  area  is  clearly  observed  due  to  thermal  aging.  Also, 
shifts  in  the  oxide  reduction,  hydrogen  adsorption  and  oxidation 
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Fig.  10.  Comparison  of  Pt  surface  areas,  as  determined  by  CO  chemisorption, 
of  TKK/Vulcan  and  TKK/HSC  samples  sintered  at  0.05%  O2  with  and  without 

h2o. 


Fig.  11.  Cyclic  voltammetric  response  of  TKK  Pt/Vulcan  (Lot  102-1551)  before 
and  after  thermal  aging  at  250  °C,  in  0.7%  O2  and  8%  water.  Electrolyte:  0.5  M 
perchloric  acid;  potential  scan  rate:  2  mV  s-1 .  Ar  atmosphere  and  room  temper¬ 
ature. 


peaks  are  observed  for  the  sample  that  was  aged  for  30  h,  prob¬ 
ably  due  to  the  oxidation  of  carbon  support  leading  to  higher 
ohmic  potential  drop  in  the  electrode.  A  similar  behavior  has 
been  noticed  for  Pt/HSC,  cycled  for  500  cycles  between  0  and 
1.2  V/NHE. 

The  evolution  of  HAD  area  with  increasing  number  of  cycling 
for  the  TKK  Pt/Vulcan  samples  before  and  after  heat  treatment 


Scheme  4.  Reaction  of  oxygen  with  enol  groups  on  Vulcan  carbon  surface. 
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Fig.  12.  Comparison  of  HAD  areas  and  cycling  behavior  of  TKK  Pt/Vulcan, 
Lot  #  102-155,  heat-treated  at  different  conditions.  2  mV  sT1;  potential  limits: 
0-1.2  V/NHE;  0.5  M  HCIO4,  argon  and  25  °C. 

is  shown  in  Fig.  12.  Potential  cycling  measurements  on  all  the 
thermally  sintered  samples  show  lower  peak  HAD  areas  and 
more  stable  cycling  behavior.  Peak  HAD  area  losses  for  the  sin¬ 
tered  samples  were  lower  than  the  Pt  surface  area  loss  predicted 
by  X-ray  particle  size  measurement,  which  in  turn  were  lower 
than  that  calculated  from  CO  chemisorption  measurements.  For 
example,  HAD  area  losses  for  the  8  and  30  h  sintered  samples 
were  21%  and  33%,  respectively,  compared  to  33%  and  66% 
from  CO  chemisorption  data  and  35%  and  46%  suggested  by  X- 
ray  diffraction  crystallite  size  measurements.  This  result  can  be 
attributed  to  an  increase  in  the  active  area  of  the  electrode  caused 
by  an  efficient  removal  of  adsorbed  impurities  during  electro¬ 
chemical  cycling,  as  suggested  by  Bett  et  al.  [25].  Alternatively, 
there  may  have  been  an  increase  in  the  hydrophilicity  of  the 
electrode  due  to  the  oxidation  of  the  carbon  support,  which  may 
cause  an  increase  in  the  wettability  and  hence  the  active  HAD 
area  (enhancement  in  Pt  utilization)  of  the  electrode.  However, 
the  cyclic  voltammetric  response  and  HAD  area  of  the  sample 
heat  treated  for  10  h  were  similar  to  those  obtained  with  a  pellet 
electrode  sample  that  had  undergone  500  cycles  [26]  between 
the  same  potential  limits.  This  suggests  that  the  mechanism  of 
surface  area  loss  in  the  electrochemical  environment  is  prob¬ 
ably  similar  to  the  gas  phase  environment,  and  may  therefore 
involve  Pt  particle  size  growth  and  carbon  corrosion.  Pt  particle 
size  may  increase  due  to  Pt  dissolution/redeposition  phenomena 
[27].  Carbon  oxidation  to  gaseous  species  can  cause  agglomera¬ 
tion  of  Pt  particles,  leading  to  loss  of  catalyst  dispersion  [28,29]. 
The  favorable  correlation  between  HAD  area  loss  due  to  cycling 
and  thermal  degradation  on  the  one  hand,  and  between  carbon 
loss  during  potential  hold  and  high  temperature  oxidation  on 
the  other,  as  mentioned  above,  all  indicate  that  electrochemi¬ 
cal  catalyst  degradation  may  be  conveniently  simulated  by  high 
temperature  experiments. 

4.  Conclusions 

1.  Carbon  corrosion  and  platinum  surface  area  loss  that  are 
observed  for  electrocatalysts  over  long  periods  of  electro¬ 
chemical  cycling  and  potential  hold  can  be  conveniently 
simulated  by  high  temperature  experiments  at  250° C  in  an 
environment  containing  about  0.7%  oxygen,  8%  water  and 


helium  (balance).  Accelerated  screening  of  catalysts  is  not 
possible  at  oxygen  concentrations  of  <0.05%. 

Platinum  surface  area  loss  during  10  h  of  thermal  degradation 
was  equivalent  to  electrochemical  degradation  observed  over 
500  cycles  for  a  Tanaka  Pt/Vulcan  electrode  cycled  between  0 
and  1.2  V  (NHE).  Carbon  mass  loss  observed  for  5  h  of  ther¬ 
mal  degradation  was  comparable  to  the  mass  loss  observed 
during  a  potential  hold  for  86  h  at  1 .2  V  (NHE)  and  95  °C  for 
the  same  catalysts. 

3.  Studies  on  the  effect  of  oxygen  and  water  concentration  on 
two  Tanaka  catalysts,  dispersed  on  carbon  supports  varying  in 
their  BET  areas,  revealed  that  carbon  oxidation  in  the  pres¬ 
ence  of  Pt  follows  two  pathways:  an  oxygen  pathway  that 
leads  to  mass  loss  due  to  formation  of  gaseous  products,  and 
a  water  pathway  that  results  in  mass  gains,  especially  for  high 
BET  area  supports.  These  processes  may  be  assisted  by  the 
formation  of  highly  reactive  OH  and  OOH  radicals. 

4.  Platinum  surface  area  loss,  measured  at  varying  oxygen  con¬ 
centrations  and  as  a  function  of  sintering  time  using  X-ray 
diffraction,  CO  chemisorption  and  electrochemical  hydrogen 
adsorption,  reveals  an  important  role  for  carbon  corrosion 
rather  than  an  increase  in  Pt  particle  size  for  the  surface  area 
loss. 
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